Objective: To determine the ability to identify the dorsal atlantoaxial ligament during ultrasonographic examination of dogs.
| I NT ROD UCTI ON
Atlantoaxial instability is a common condition of the cervical spine, which can result in subluxation of the axis in relation to the atlas and subsequent spinal cord compression. [1] [2] [3] Atlantoaxial instability/subluxation is a potentially life-threatening condition. 4 Patients with this condition develop clinical signs at a young age, with 52%-70% of patients being less than 1 year old. Clinical signs vary from neck pain and mild ataxia in 24.9% of cases to tetraplegia in 6.5% of cases. 1 Atlantoaxial subluxation has been reported in 38 breeds of dogs, especially in Yorkshire Terriers (28%), Toy Poodles (18%), and Chihuahuas (15% of cases). 6 Congenital atlantoaxial subluxation is most commonly seen in small and toy breed dogs, but can also occur in medium and large breed dogs. [7] [8] [9] [10] [11] [12] Animals with atlantoaxial congenital abnormalities will tend to luxate the atlantoaxial joint spontaneously or with minimal trauma. 13 Traumatic atlantoaxial subluxation can also occur in any breed of dog, 2 due to traumatic rupture of the atlantoaxial ligaments secondary to forceful overflexion of the neck. 18 This modality has also been used to evaluate the musculoskeletal anatomy of the dorsal cervical spine. 19 However, information regarding the use of ultrasonography to assess atlantoaxial ligaments is lacking. The dorsal atlantoaxial ligament is a thick ligament, coursing from the dorsal lamina of the atlas to the most cranioventral aspect of the spinous process of the axis, thereby stabilizing the atlantoaxial joint. 20 This location coincides with that of the increase in intervertebral space seen on radiographs of dogs with atlantoaxial subluxation, supporting the concept that this radiographic sign may be due to stretching or rupture of the dorsal atlantoaxial ligament. 2, 20, 21 The objective of this study was to determine the ability to identify the dorsal atlantoaxial ligament during ultrasonographic examination of dogs. Based on the relative small size of the ligament and its anatomical location, we hypothesized that the dorsal atlantoaxial ligament would not be detectable on ultrasonography.
| M ATE RI ALS AN D ME THO DS
Ethical approval for the study was obtained from the authors' institution. Thirty-five adult canine cadavers of dogs euthanatized for reasons unrelated to this study were used. The cadavers had been initially frozen for several days and were allowed to thaw at room temperature prior to our study. Three cadavers were initially dissected to expose the dorsal aspect of the cervical spine, assess the length and thickness of the dorsal atlantoaxial ligament (Figure 1 ), and subjectively determine if size and location would allow detection on ultrasonography. Two additional cadavers were used to correlate the ultrasonographic findings with the anatomy of each specimen. Ultrasound-guided injection of ink into the suspected dorsal atlantoaxial ligament was followed by dissection of these 2 cadavers. Thirty adult canine cadavers were then collected and used for the ultrasonographic evaluation of the dorsal atlantoaxial ligament. The cadavers were positioned in lateral recumbency and the dorsal cervical area was clipped at the level of the atlantoaxial joint. The skin was cleaned with spirit and gel was applied.
Cadavers were positioned in right lateral recumbency with a neutral or slightly flexed cervical position, prior to ultrasonography with an 8 MHz microconvex transducer. The transducer was placed on the dorsal aspect of the neck caudal to the occipital crest, and the cranial aspect of the spinous process of C2 was identified. The transducer was placed in a transverse plane to identify the spinous process of C2 and then moved cranially to identify the dorsal atlantoaxial ligament as a thin hyperechoic structure with linear striations running in a cranioventral direction from the cranial tip of the spinous process of C2 to the dorsocaudal aspect of the dorsal lamina of C1. Once identified, the ligament was scanned in a straight sagittal plane (Figures 2 and  3 ). All ultrasonographic studies were performed by a boardcertified specialist in diagnostic imaging. A subjective score (0-3) was assigned to each dog depending on the detectability of the dorsal atlantoaxial ligament and its differentiation from surrounding structures in both the transverse and the sagittal plane. 22 Cadavers with clearly identifiable dorsal atlantoaxial ligament, based on expected location, fiber orientation, and echogenicity were assigned a grade 3. Ligaments that were moderately visible were assigned a grade 2. A grade of 1 was assigned if the margins of the ligament were indistinct but a hypoechogenic band could be identified in the expected location of the ligament. A grade 0 was assigned when the fibers of the dorsal atlantoaxial ligament were not discernible at ultrasonographic evaluation.
| R ES ULT S
All the cadavers were mature adult dogs, but the exact age was unknown. The majority of dogs were crossbreed dogs, while there were 3 German Shepherds, 1 Labrador, 1 Rottweiler, 1 Rough Collie, and 1 Husky. The estimated weight of the dogs ranged between 6 and 35 kg. Dogs were classified as small (estimated body weight < 10 kg), medium (estimated body weight 10-25 kg), or large (body weight > 25 kg). In total, 19 cadavers were large breed dogs, 10 cadavers were medium size dogs, and 1 cadaver was a small breed dog. Table 1 summarizes the results. Anatomical dissection of the 2 cadavers with ultrasoundguided injection of ink confirmed the presence of the injected ink in close association with the dorsal atlantoaxial ligament (with some leakage from the ligament suspected). Of the 19 large size cadavers, 10 were graded as 3 either in the sagittal, in the transverse, or in both planes. Eight large breed cadavers were graded as 2 either in the sagittal, in the transverse, or in both planes, while one cadaver was graded as 1 in both the sagittal and the transverse plane. None of the large size cadavers were graded as 0 in any of the planes. Of the 10 medium size cadavers, 5 were graded as 3 either in the sagittal, in the transverse, or in both planes and 5 were graded as 2 in either in the sagittal, in the transverse, or in both planes. None of the medium size cadavers were graded as 0 or 1 in any of the planes. Finally, the only small size cadaver was graded as 3 in both the sagittal and the transverse plane.
| D IS C US S I ON
Results from our study show that ultrasonography allows reliable identification of the dorsal atlantoaxial ligament in normal canine cadavers, and that our hypothesis should be rejected.
None of the cadavers in our study were graded as 0 (not visible) in any view, and 27/30 and 28/30 were graded as moderately visible (grade 2) or clearly visible (grade 3) in the sagittal and transverse view, respectively. Only 1 cadaver specimen of a large breed dog (Husky) was graded as 1 (indistinct) in both the sagittal and transverse plane, while in the other 3 dogs (all large size) in which the identification of the ligament was graded as 1 in one view, a score of 2 was assigned in the other view. Therefore, 29/30 specimens reached a minimum score of 2 in one ultrasonographic plane, and 16/30 had at least one view graded as 3. Interestingly, none of the medium size dogs were graded as 1 in any of the 2 ultrasonographic views, and the only small breed cadaver was graded as 3 in both views. Combined, these results suggest that visualization of the ligament might be clearer in smaller breeds. This finding could be explained by a proportionally smaller muscle mass surrounding the ligament in smaller breeds compared to large breeds, particularly large dogs with a Bull Terrier type conformation. Many of the larger-breed cadavers in this study had a broad skull conformation, potentially introducing bias in the population studied. A proportionally larger dorsal atlantoaxial ligament in smaller breeds could also explain the clearer visualization of the ligament in these dogs. The predisposition of smaller breeds to congenital atlantoaxial subluxation justifies the need for further studies determine the applicability of ultrasonography in these breeds. Most dogs in this study were medium or large in size. This study therefore provides some evidence to support the use of ultrasonography to diagnose atlantoaxial instability/subluxation in these breeds, which are more prone to traumatic rather than congenital atlantoaxial subluxation. Ultrasonographic identification of a ligament and assessment of its echogenicity require that the ultrasound beam be maintained perpendicular to the ligament. 23, 24 In our study, the acoustic window was considered small due to the large size of the spinous process of the axis. The amount of ligament identified may therefore not represent the full extent of the dorsal atlantoaxial ligament. Ultrasonographic evaluation was also done with the neck in neutral position or slightly flexed, whereas identification of the dorsal atlantoaxial ligament may have been improved by flexing the neck, as such position would limit the overlap of the spinous process of the axis over the atlas. However, the authors opted for a neutral or slightly flexed position, as these positions would be more clinically relevant. An 8-10 MHz linear array transducer was briefly used to try to identify the ligament at the beginning of the study, but the clarity of the resulting images of the ligament was poor. The microconvex array performed noticeably better, and this type of transducer was subsequently used. The authors suspect that the acoustic shadow created by the spinous process of the axis partially masked the ligament. In addition, the footprint of the linear array complicated the angulation to improve image quality, due to the surrounding musculature. The fan-shaped image generated by the microconvex array, coupled with the smaller footprint, provided a clear image of the ligament. As the transducer was positioned in a straight sagittal position, further studies will be required to assess if positioning the transducer in a parasagittal position to obtain oblique views of the dorsal atlantoaxial ligament improves its assessment in dogs. Five specimens were used to assess the feasibility of this technique. Three specimens were used for anatomical dissection to subjectively assess the dimensions and exact location of the dorsal atlantoaxial ligament. In the other 2 specimens, colored ink was injected into the dorsal atlantoaxial ligament under ultrasound guidance prior to anatomical dissection. Although the assessment was based on a small number of cadavers, the authors considered that the findings of the subjective dimensions and position of the dorsal atlantoaxial ligament were consistent among specimens. The location of the colored ink in the ligament confirmed the correct ultrasonographic identification of the dorsal atlantoaxial ligament. Even though only 2 cadavers were used for this purpose, the authors considered this number sufficient due the accuracy found in the ultrasound-guided ink injection when dissecting both cadavers and the characteristic ultrasonographic images found at the expected anatomical location of the dorsal atlantoaxial ligament.
The authors acknowledge several limitations to this study. First, the dorsal atlantoaxial ligament was not dissected in all specimens, because the study was only intended to determine whether the dorsal atlantoaxial ligament could be identified on ultrasonography. Although the cadavers were not from breeds predisposed to atlantoaxial instability/subluxation, we cannot eliminate the possibility that such abnormalities were not present in some of the specimens. In addition, the study was performed on previously frozen cadavers, and to the authors' knowledge, there are no studies assessing the influence of the process of freezing/thawing cadavers on the ultrasonographic appearance of a ligament. It is possible that this could have influenced the ability of the operator to identify the dorsal atlantoaxial ligament. Finally, this study did not evaluate the correlation between ultrasonographic measurements and those obtained after anatomic dissections, as the purpose of the study was limited to the identification of the dorsal atlantoaxial ligament. In addition, measuring the length of the ligament would require full flexion of the neck. Instead, our study was designed to simulate the clinical scenario, only allowing a mild flexion of the neck. This position also allows us to evaluate the benefits of ultrasonography compared with traditional plain radiographs in the diagnosis of atlantoaxial subluxation/instability.
In conclusion, the dorsal atlantoaxial ligament can be identified on ultrasonographic evaluation of normal canine cadavers weighing more than 6 kg. These results provide some evidence to consider ultrasonographic examination of the dorsal atlantoaxial ligament as a noninvasive and safe imaging technique that may contribute to the diagnosis of atlantoaxial instability/subluxation in dogs. This technique seems advantageous over conventional radiographs as it can be performed with the neck in a neutral or slightly flexed position. Further studies are needed to assess this imaging technique in a large population of live small breed dogs and
